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Cardiovascular diseases (CVDs) and cancer represent the two leading causes of death\[[@ref1]\] in populations, often exposed to the same risk factors.

Advancements in the treatment of cancer have improved the prognosis of patients with a wide range of malignancies,\[[@ref2]\] and in parallel, there has been increasing attention to cardiovascular effects of chemotherapeutic agents. In this context, the acute negative vascular effect of chemotherapeutic agents has become more relevant because of the latent effects of direct and indirect cardiovascular toxicity.

Chemotherapy vascular complications (CVCs) might occur as a result of an "off-target" drug effect or, importantly, as a result of the interplay between signaling pathways required for normal vascular function and those required for tumor growth.

CVCs often are due to endothelial dysfunction, with impaired vasorelaxant effects and anti-inflammatory and vascular reparative functions. The propensity to develop cardiovascular complications reflects the complex interplay between the patient\'s baseline risk profile and preexisting CVD, such as coronary artery disease (CAD). In this regard, chest radiotherapy is able to accelerate the atherosclerosis process, resulting in early-onset CAD.
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Pathophysiology of coronary damage varies depending on the specific chemotherapy used.

For most agents, vascular toxicity often reflects endothelial dysfunction, with loss of vasorelaxant effects and impairment of anti-inflammatory and vascular reparative functions. Moreover, in addition to the procoagulant effect of cancer *per se*, most agents further enhance platelet activity by decreasing endothelial nitric oxide (NO) bioavailability.\[[@ref3]\]

Alkylating agents were among the first drugs shown to induce these cardiac complications. Platinum-based compounds (e.g. cisplatin) resulted associated with acute and late cardiovascular side effects like hypertension, myocardial ischemia and vascular acute complications.\[[@ref3][@ref4]\] In this setting, thrombus formation could be potentially due to endothelial cell damage and dysfunction, leading to a hypercoagulable state with platelet activation, adhesion, and aggregation; increased von Willebrand factor level; and reduced NO bioavailability.\[[@ref3]\] Long-lasting cardiotoxicity has been associated with previous therapy with cisplatin, whose plasma levels remain measurable for up to 20 years after the conclusion of the treatment leading to cumulative dysfunction of endothelial cells.\[[@ref5]\] Therefore, in this case, long-lasting presence of circulating cisplatin in patients\' blood correlates with both pathophysiologic mechanisms and clinical events.

Fluoropyrimidines are the second most common cause of chemotherapy-induced cardiotoxicity;\[[@ref6]\] they, particularly 5-fluorouracil, cause angina-like chest pain, in rare cases myocardial infarction, arrhythmias, ventricular tachycardia, heart failure and cardiogenic shock, and QT prolongation with torsades de pointes.\[[@ref7][@ref8]\]

5-FU and capecitabine could determine CTX by coronary thrombosis, with arteritis and vasospasm proposed as possible mechanisms. Definite 5-FU metabolites showed to be associated with cardiotoxicity. The conversion of capecitabine into 5-FU and of the latter into its active metabolites needs the action of the enzyme thymidine phosphorylase, which is an angiogenic factor\[[@ref9][@ref10]\] upregulated in stable and unstable atherosclerotic plaque.\[[@ref11]\] On the other hand, the unfavorable effects on endothelium could also be mediated by increased levels of endothelin-1, which could cause vasospasm and ischemia \[[Figure 1](#F1){ref-type="fig"}\].
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Furthermore, 5-FU can directly cause vascular damage, reducing endothelial NO synthase activity and endothelium-independent vasoconstriction via protein kinase C, leading to a Prinzmetal-type angina phenomenon.\[[@ref12]\]

Beyond the acute effects on the coronary arteries in terms of vasospasm and possibly thrombus formation, 5-FU seems to be not associated with the accelerated coronary atherosclerosis. However, endothelial and myocardial cell apoptoses have been evidenced in experimental studies\[[@ref12]\] and 5-FU is able to determine a dose-dependent increase in red blood cell viscosity, thus causing a reduction in blood flow velocity, which could predispose to thrombus formation. Previous CAD constitutes a risk factor for 5-FU-related vasospastic angina, because vasospasm tends to occur at sites of thrombus and plaque formation.\[[@ref13]\]

Taxanes and vinca alkaloids exert their antineoplastic effect by altering the cellular microtubule mass, which represents one of the most successful targets for chemotherapy agents. Taxanes have significant antiangiogenic properties and cause disruption of the cytoskeleton and endothelial cell dysfunction.\[[@ref12]\] At low doses, they prevent cell motility and cell--cell interactions,\[[@ref12][@ref14]\] whereas at higher doses, they cause microtubule deficiency, endothelial cell detachment, and apoptosis. Paclitaxel impairs vascular smooth muscle cell migration and endothelial cell proliferation;\[[@ref12]\] moreover, it might also enhance endothelial tissue factor expression determining prothrombotic effects.\[[@ref12][@ref15]\]

Taxanes vascular side effects are amplified by the combination with angiogenesis inhibitors. The use of bevacizumab with paclitaxel in patients with advanced breast cancer increases the rate of severe thrombotic events from 1.5% to 2.1%.\[[@ref16]\]

Vincristine and vinblastine are vinca alkaloids that bind tubulin and induce cell death. Their main cardiovascular side effects are myocardial ischemia and infarction, which seem to occur during or shortly after therapy and to be related to coronary artery vasospasm.\[[@ref13]\]

Vascular endothelial growth factor inhibitors (VEGF-I), recently implemented for the treatment of solid and hematological malignancies, showed to induce hypertention as the most common cardiovascular complication.\[[@ref17]\] Moreover, the interruption of VEGF signaling is associated with vascular toxicity and clinical sequelae such as acute coronary syndromes, stroke, venous thrombosis, and thromboembolism.\[[@ref12][@ref13][@ref18]\] Although the absolute increase in risk is relatively small (0.8% and 1.8% for myocardial infarction and arterial thrombosis, respectively), it is clinically important, particularly for patients with preexisting risk factors or previous vascular disease, in particular CAD.\[[@ref19]\]

On the other hand, tyrosine kinase inhibitors, including ponatinib, nilotinib, and dasatinib, are associated with acute arterial thrombosis. This is especially evident for ponatinib,\[[@ref19]\] which was associated with a nearly 12% incidence of arterial thrombotic events at 2 years.\[[@ref19]\]

The absolute increase in risk is, respectively, 0.8% and 1.8% for myocardial infarction and arterial thrombosis; although it is relatively small, it remains clinically important, particularly in patients with preexisting risk factors or vascular disease. Previous CADs are a particularly important risk factor for developing vascular complications,\[[@ref19]\] and the pretreatment screening for preexisting CAD of patients candidates to antiangiogenic therapy should be reasonable.

In addition, a particularly high incidence of acute arterial thrombosis has been found following treatment with tyrosine kinase inhibitors, such as ponatinib, nilotinib, and dasatinib, developed for use in the setting of hematologic malignancy. This negative effect is especially evident for ponatinib,\[[@ref19]\] whose use has been associated with a incidence of arterial thrombotic events at 2 years nearly 12%, most events occurring as acute thrombotic process.\[[@ref19]\]

Finally, chest radiotherapy, which is commonly used to treat malignancies such as breast cancer and Hodgkin\'s disease, is associated with cardiovascular complications, especially CAD; in fact, mediastinal radiation is able to accelerate the atherosclerosis process, resulting in early-onset CAD.\[[@ref20]\]
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It is obvious that the presence of CAD is a potential life-threatening factor for cancer patients. The activation of cytokines and chemokines such as growth factors in several cancers induces thrombus formation known as paraneoplastic syndrome, which can cause acute myocardial infarction via hemostatic activation.\[[@ref21]\] Thus, cancer patients with undetected CAD, especially in the presence of thrombocytosis and hyperfibrinogenemia, are predisposed to major cardiac events during chemotherapy.\[[@ref22]\]

A history of myocardial infarction demonstrates the presence of CAD in patients with cancer. Depending on the extent of infarction, left ventricular dysfunction may be observed. The severity of left ventricular dysfunction is crucial for an individual patient with cancer because left ventricular ejection fraction (LVEF) remains the most important parameter for the decision whether to perform a cardiotoxic chemotherapy.\[[@ref23]\]

As a consequence of the paraneoplastic syndrome, this cohort of patients is at high risk of myocardial reinfarction. For a cancer patient with severe CAD, the pivotal decision of whether to initiate chemotherapy, which could represent the only curative treatment, is dependent on the results of risk stratification by the oncologist. Typically, there is no optimized interdisciplinary approach to monitor the residual myocardial function in short-term echocardiographic investigations with modern modalities, which would allow detecting potential cardiotoxicity at an early stage, enabling proper treatment, and guiding chemotherapy by monitoring signs of cardiotoxicity.

Chronic heart failure due to end-stage CAD at the time of cancer diagnosis can also be a substantial limitation for chemotherapy. Worsening of heart failure is often compounded by the necessity of induced hypervolemia to increase the renal clearance of destroyed tissue products due to the biological degradation of tumor cells. On the other hand, cardiological treatment of chronic heart failure with volume restriction and diuretics administration often induces renal failure, which further limits chemotherapy.
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The clinical diagnosis of CAD is normally based on symptoms such as cardiac dyspnea, angina, or palpitations during rest or stress-induced ischemia. The first cardiac alteration of the ischemic cascade is the diastolic dysfunction, followed by wall motion abnormalities, which are the first sign of stress-induced ischemia in conventional stress echocardiography (ECG); with the increasing myocardial ischemia, also, electrocardiographic alterations and angina can be observed.

Acute chest pain can be caused by acute myocardial infarction and can present as ST- or non-ST-segment elevation infarction, which needs interventional therapy when possible.\[[@ref24]\] The imaging criteria of acute myocardial infarction are constituted by the evidence of new loss of viable myocardium tissue and/or new regional wall motion abnormalities.\[[@ref25]\] In a new patient, detected wall motion abnormalities must be classified as acute, whereas, in the absence of nonischemic causes, loss of viable myocardium, with thinned tissue that fails to contract, can indicate a prior myocardial infarction.

Angina can be classified as unstable or stable. In unstable angina, cardiac imaging normally documents regional wall motion abnormalities, which corresponds pathophysiologically to hibernating myocardium.

Stable angina includes stress-induced angina and wall motion abnormalities in patients with known and previously treated CAD or with known cardiovascular risk factors.

The modalities for the diagnosis of CAD and myocardial damage in cancer patients are similar than general population. ECG, cardiac magnetic resonance (CMR) tomography, myocardial scintigraphy, and nuclear imaging modalities\[[@ref26][@ref27]\] are the main imaging techniques we can apply in this setting.

Radionuclide angiography (MUGA) has been indicated to evaluate LV systolic function in patients undergoing chemotherapy for many years.\[[@ref28]\] Serial imaging using MUGA effectively monitors chemotherapy-related damage because of its high accuracy and reproducibility of LVEF measurements. However, radiation exposure remains the main disadvantage of MUGA, which reduces its use given the increasing availability of other imaging techniques.\[[@ref29]\]

ECG and CMR remain the two most commonly used imaging techniques for noninvasive cardiotoxicity evaluation.

CMR is a distinctive noninvasive validated technique to identify myocardial necrosis/fibrosis by acquiring T1 inversion recovery sequences after about 10 min following gadolinium-based contrast injection. With this approach called late gadolinium enhancement, the necrotic/fibrotic areas retaining the contrast appear hyperintense and their presence is strongly correlated with the prognosis in all cardiomyopathies.\[[@ref30]\] However, especially for repetitive follow-up investigations, transthoracic ECG, including tissue velocity imaging and speckle tracking, is the most often used imaging modality in this clinical setting.\[[@ref26][@ref31]\]

Early alterations due to chemotherapy-induced myocardial damage can be reflected by impairment of diastolic left ventricular function.\[[@ref32]\] The echocardiographic assessment of diastolic dysfunction includes the determination of left atrial size and emptying function as well as A-wave velocity and A-wave duration of the retrograde flow in the pulmonary vein. An increase of the retrograde A-wave velocity of more than 35 cm/s and a larger duration of the retrograde flow during A-wave in the pulmonary vein than of the orthograde transmitral flow are indications for impairment of diastolic filling capacity of the left ventricle.

Cardiotoxicity affecting left ventricular myocardium is still detected on reduction of LVEF, which remains influenced by high interobserver variability in conventional bidimensional ECG. To increase accuracy, three-dimensional (3D) transthoracic ECG was shown to yield more reproducible values of left ventricular volumes and LVEF.\[[@ref33]\] However, actual echocardiographic techniques such as deformation imaging with tissue Doppler and speckle tracking provide better insights into myocardial alterations due to cardiotoxicity, especially during early stages of the disease.\[[@ref34]\]

Global longitudinal strain peak seems to be a more robust parameter than LVEF in detecting myocardial cardiotoxicity. Other parameters such as radial and circumferential strain are promising options. Analysis of the dynamics of cardiac rotation was shown to be able to detect cardiotoxicity earlier than analysis of LVEF and global longitudinal peak systolic strain.\[[@ref35]\] Recent studies showed promising data on the role of cardiac mechanics evaluated by means of both bidimentional and tridimentional speckle tracking imaging.\[[@ref36]\]

Some studies performed with ECG reported an additional role of stress imaging, revealing that patients treated with chemotherapy have reduced contractile reserve in comparison to healthy individuals;\[[@ref37][@ref38]\] however, none of these studies reported a prognostic value. Other studies did not report an incremental value of the stress imaging in patients without suspicion of myocardial ischemia.\[[@ref39][@ref40]\] Hence, when myocardial ischemia secondary to chemotherapy is clinically suspected, stress imaging can be used as indicated by the actual guidelines of the European Society of Cardiology on stable CAD (SCAD).\[[@ref41]\] In patients with intermediate pretest probability of SCAD an imaging stress test should be preferred to an exercise ECG test.\[[@ref41]\]

Dobutamine stress ECG combined with tissue Doppler velocity imaging during diastole as well as CMR tomography was proposed as an alternative approach to evaluate not only an increased ischemic risk but also an early myocardial dysfunction during chemotherapy.\[[@ref37]\]

The monitoring of coronary damage and detection of microcirculatory dysfunction can be performed via the assessment of coronary flow reserve during adenosine or dipyridamole stress.\[[@ref42][@ref43]\] Whereas the flow pattern of the epicardial coronary arteries, maximum velocities \>4 m/s, and reduced coronary flow reserve (\<2) are markers of severe epicardial stenosis, reduced coronary flow reserve in the presence of normal flow patterns can be interpreted as coronary microcirculatory dysfunction.\[[@ref44]\] In patients undergoing chemotherapy, nonspecific signs of myocardial alterations can often be identified and related on the phenomenon of global or regional postsystolic radial shortening. This contraction pattern can be induced by edema or inflammation, which could also induce microvascular dysfunction. Monitoring of the microvascular properties during treatment with chemotherapeutic agents can be performed by measuring coronary flow reserve during vasodilator stress to document therapeutical effects. In addition, myocardial contrast ECG may be able to measure myocardial perfusion, but this approach is not yet established in routine clinical practice.\[[@ref26]\]

Strategies to prevent myocardial damage induced by chemotherapy imply accurate risk stratification and early detection of cardiotoxicity.\[[@ref45][@ref46]\] It is obvious that all available diagnostic tools, including electrocardiography, ECG, nuclear imaging, CMR tomography, and analysis of biomarkers,\[[@ref47]\] should be used. New cardioprotective strategies should be implemented in the future after convincing data will be provided.\[[@ref48][@ref49]\]
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CAD is a major risk factor and obstacle in the treatment of cancer. Baseline cardiovascular assessment is vital for the selection of appropriate chemotherapy, and preexisting cardiac disease must be treated aggressively.\[[@ref50]\]

Several chemotherapeutic agents are known to trigger ischemic heart disease, and as it has happened for myocardial cardiotoxicity, more attention should be directed to early recognition and prevention of cardiac vascular toxicity.

An interdisciplinary approach based on the principles of oncology and cardiology should extend chemotherapeutic options for patients with CAD and reduced left ventricular function, provided that comprehensive, accurate, and frequent follow-up, mainly by ECG, is performed.
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